Despite the fact that approximately 90% of patients with multiple myeloma present themselves with skeletal complaints (1, 2) , few studies of bone mineral metabolism in this disease have been reported. Stable calcium studies in multiple myeloma were first reported in the literature by Blatherwick (3) in 1916. Since that time there have been only infrequent reports using balance techniques, or isotopic-tracer methods, or both. Adams, Mason, and Bassett (4) used metabolicbalance techniques to investigate the influence of ACTH on mineral metabolism in three patients with multiple myeloma. Case studies of one or two patients using tracer methods and balance techniques have been reported by Anderson, Emery, McAllister, and Osborn (5), after a therapeutic dose of Ca45; by Spencer, Li, Samachson, and Laszlo (6) , who have studied the comparative excretion and retention of Sr85 and Ca45; and recently, by Skoog, Adams, and MacDonald (7), who have reported balance and Sr85-tracer studies in a patient with multiple myeloma treated with various combination of hormones.
The study of calcium metabolism in multiple myeloma is of great interest, since diffuse osteoporosis, or osteolytic lesions, or both, are most always present, and hypercalcemia is a frequent (8) but poorly understood complication. With the increasing availability of clinically suitable radioactive isotopes of calcium, calcium-balance measurements can now be supplemented with kinetic-tracer studies. Stable calcium-balance studies alone measure only the net difference between bone formation and resorption. With Ca47-tracer studies in addition to balance techniques, calcium absorption, endogenous fecal calcium, exchangeable or miscible calcium, and miscible cal- cium turnover rates can be estimated. The present report describes studies of calcium metabolism using Ca47 and balance techniques in six patients with multiple myeloma. These studies indicate that the gut is an important source of calcium loss in multiple myeloma, and that the endogenous fecal calcium contributes significantly to the negative calcium balance uniformly found in our patients.
MATERIALS AND METHODS
Patients. Three men and three women with multiple myeloma were studied. Their ages ranged from 44 to 65 years. All patients were ambulatory during the entire study. The diagnosis of multiple myeloma was established by abnormalities in serum-protein pattern, bonemarrow examination, and skeletal X rays consistent with that disease. Serum calcium, phosphorus, and alkaline phosphatase were within normal limits in each patient (Table I ). The term "untreated," as used in this patient population, refers to the absence of systemic treatment during the 3 months before study.
Metabolic balance. All patients were studied in a metabolic-balance ward while they were maintained on fixed metabolic-balance diets, analyzed in triplicate. Four patients received approximately 200 mg Ca and 800 mg P daily, and two received approximately 500 mg Ca and 1,000 mg P daily. All patients were maintained on the specified diets for 8 to 10 days before the balance studies to allow for equilibration to the low-calcium diet and to the metabolic routine. Refused food and emeses were saved, analyzed, and substracted from the daily intake for that period. Fluid intake was kept constant by providing a fixed quantity of distilled water daily. Voided urine specimens were immediately pooled in a refrigerated jar containing 10 ml of concentrated HCl. Stools were separated at intervals of 4 days with carmine markers. The following analytical methods were used: nitrogen, macro-Kjeldahl (9); urinary, fecal, and dietary phosphorus, Taussky and Shorr (10); serum phosphorus, Reiner (11) ; urinary, fecal, and dietary calcium, Kochakian and Fox (12) ; and serum calcuim, MacIntyre (13) . Daily urine samples were anlyzed for nitrogen. Sample of 4-day pooled stools were analyzed for calcium, phosphorus, and nitrogen. Intravenous Ca47 studies. All patients were given 30 Ac Ca4TCl, intravenously before breakfast in 10 ml of iso- final exponential is extrapolated to the ordinate at zero time to determine E. The tj (4.2 days) is the interval during which the serum specific activity falls to one-half of its value at zero time. K then = In 2/ti. analytical methods of Kochakian and Fox (12) . The cium. The following relationship, Equation 2, was used endogenous fecal calcium was determined by Equation to estimate the endogenous fecal calcium (milligrams per 2 described below. Relationship a) can then be solved day): endogenous fecal calcium = (Uo6/At) X fs/fu, for unabsorbed dietary calcium, which is substituted in where At = entire period Ca7 is followed in the urine and relationship b) to determine the absorbed dietary calcium. stool, Uc. = urinary stable Ca in milligrams during At, Endogenous fecal calcium. Endogenous fecal calcium fs = fraction of intravenously administered Ca47 in stool is defined as the calcium secreted into the gut (total di-during At, and fu = fraction of intravenously administered gestive-juice calcium) minus the absorbed secreted cal-Ca47 in urine during At. t Estimated from difference between total fecal calcium and intake.
t Estimated from 4-day stool collection.
After intravenous Ca47, radioactivity appeared in the urine within minutes, whereas radioactivity was not detected in the stool for 12 to 48 hours. To count cumulative activity in urine and stool for an identical interval (At), the stool was monitored for an additional period, corresponding to this lag. For example, if no stool radioactivity was detectable for 24 hours, the urine activity would be monitored from days 1 to 7, while stool activity would be determined for days 2 to 8.
Calcium kinetics. The conceptual model employed to determine the miscible calcium pool (E) and "bone-formation rate" ("BFR") was that of Heaney and Whedon (15) . The miscible calcium pool was determined by extrapolating the exponential portion of the serum specific activity curve to zero time and dividing the administered dose by the specific activity at zero time. An example of the exponential phase used in these studies is shown in Figure 1 . "Bone-formation rates" were calculated by the formula proposed by Heaney and Whedon (15) All patients were in negative phosphorus balance or equilibrium. Calcium balance was distinctly negative in all patients, while they were ingesting 200 mg or 500 mg calcium per day (Table II) . As can be seen from Tables I and II , the magnitude of the negative calcium balance, ranging from 90 to 455 mg per day, could be correlated with the severity of the skeletal involvement as judged by X-ray bone surveys. There was little fluctuation in the calcium excretion during the balance studies, as noted in Table II . Serum calcium and body weights were stable during the balance studies. Absorbed dietary calcium. Calcium absorption, with oral Ca47, was determined in NS, AS, and HK. In HK, the absorption study was repeated after 7 days with excellent agreement (16 and 22%5o). Estimates of calcium absorption for these patients, as well as for OT, NS, and RF were also obtained indirectly from the interrelationships given above after intravenous Ca47. As can be seen from Table III Endogenous fecal calcium. In all patients except RF, the endogenous fecal calcium exceeded the urinary calcium excretion (Tables II and III) . Endogenous fecal calcium was determined in patients NS, AS, and HK by both the intravenousand oral-tracer methods as described above. As Table III shows, the results obtained by the oral and intravenous methods are in excellent agreement. There appeared to be a distinct correlation between endogenous fecal calcium and total urinary calcium excretion (correlation coefficient = 0.862), but sample size is admittedly small.
Miscible calcium pool and Ca47 disappearance from serum. Figure 1 shows a representative disappearance curve after intravenous administration of 30 Fuc Ca47. In all patients except LE, the rate of disappearance of intravenous calcium label was found to be more rapid than in a group of normal control volunteers and patients with senile osteoporosis (15, 16) . Despite the increased values for K, the estimates of the miscible calcium pool E were normal, except for patient RF, in whom it was reduced (Table IV) . The abnormally rapid disappearance of intravenously administered labels in those patients with normal bone-formation rates was explained by the excessive excretion of isotope in urine and stool. All values for the "bone-formation rates" were essentially within normal limits, except for LE and AS, in whom values were reduced and elevated, respectively. Patient NS. This patient strikingly demonstrated the importance of determining the total fecal calcium and its fractions. The data from NS, presented in detail in Figure 2 , were of particular interest in that the studies revealed marked differences in the gastrointestinal and renal handling of calcium before and during 5-fluorouracil therapy. During the pretreatment study, the patient was in marked negative calcium balance. Absorption of dietary calcium while he was on a 210-mg calcium diet was approximately 70%o (Table II) . The endogenous fecal calcium was 335 mg per day, and the urinary calcium excretion, 270 mg per day. He then received a total of 33 g of 5-fluorouracil over 76 days, beginning approximately 60 days before the second study. When restudied after 80 days, calcium absorption was virtually zero (Table II) , when measured with either oral or intravenous Ca47. The endogenous fecal calcium was 290 mg per day, and the urinary calcium was markedly lower (80 mg per day) than during the pretreatment study. Without tracer Ca47 studies, the profound effect of 5-fluorouracil on calcium absorption would not have been apparent. If urinary calcium alone were followed, as suggested by Meyers (17) , a beneficial effect on bone mineral metabolism would have been assumed. An explanation for the increased "boneformation rate" in the second study is not apparent. The marked negative calcium balances during both studies, however, indicate bone resorption in excess of bone formation. The increased fecal nitrogen, as well as the decreased calcium absorption during 5-fluorouracil therapy, is consistent with this drug's cytotoxic effect on the mucosa of the small intestine.
DISCUSSION
Contrary to findings in normal subjects (18) , the endogenous fecal calcium was greater than the urinary calcium in five of the six patients with multiple myeloma studied. This observation is especially significant since considerable controversy still exists regarding the importance of the gastrointestinal tract in endogenous calcium excretion. Figure 1 . 
CALCIUM'T AND METABOLIC BALANCE STUDIES IN MULTIPLE MYELOMA
It has only been with the availability of Ca45 and Ca'4 that endogenous fecal calcium could be approximated in a patient. Brine and Johnston (19) plotted fecal calcium against dietary calcium from 51 balance studies in the literature, and extrapolated the intake to zero. In this way, the endogenous fecal calcium was estimated to be 75 mg per day. Subsequently, endogenous fecal calcium has been studied in various diseases with radioactive calcium isotopes (20) (21) (22) (23) . Although endogenous fecal calcium has never been measured in multiple myeloma, Anderson and colleagues (5) reported a total digestive-juice calcium of 465 mg per day, with very wide daily fluctuations, in a single patient with this disease.
Initially in this study, the endogenous fecal calcium was calculated by the method of Comar, Monroe, Visek, and Hansard (24), relating total fecal isotopic activity to serum specific activity. This method assumes that the specific activity of the stool calcium follows that of the blood, but 24 hours later. Because preliminary observations with this technique yielded unsatisfactory results, the method described above was used. Aubert and Milhaud (25) and Bronner (26) have recently suggested a very similar method to determine endogenous fecal calcium. From oral Ca47-tracer studies, a second, indirect value for endogenous fecal calcium, as well as a value for absorbed dietary calcium, was obtained. In patients NS, AS, and HK, the results for endogenous fecal calcium and absorbed dietary calcium, by the oraland intravenous-tracer methods, were in excellent agreement (Table III) .
As Bronner recently pointed out (26) , the factors determining endogenous fecal calcium are largely unknown. In our study, there appears to be no correlation with serum calcium, miscible calcium-pool size, or the dietary calcium levels used. There appeared to be a distinct correlation between endogenous fecal calcium and total urinary calcium (correlation coefficient = 0.862), but the population sample was admittedly too small to make this statistically significant, and more data are needed.
There have been several studies of calcium metabolism in malignant disease in which fecal calcium excretion has not been reported (27) (28) (29) . Meyers (17) has stated that "decreases in serum and urinary calcium are not the result of increases in fecal calcium." Our results with patient NS contradict this observation. In a recent metabolicbalance and Sr85-tracer study in a patient with multiple myeloma, Skoog and co-workers (7) claimed that Sr85-excretion studies "emphasize the now known fact that endogenous calcium excretion is largely renal." Our studies as well as those quoted above (20) (21) (22) (23) indicate that the gastrointestinal tract is a very significant route for endogenous calcium excretion. The multiple variables (30) influencing the preferential absorption of calcium over strontium preclude a simple extrapolation for calcium absorption, gut secretion, and urinary excretion from the strontium data alone.
Low-calcium diets were used for two reasons: to note small fluctuations in calcium balance that would be more apparent on the low intake than on a high-calcium diet, and to obviate the need for a change in calcium if one of the subjects studied became hypercalcemic. It has been known for many years (31) that normal controls on lowcalcium diets (less than 300 mg daily) persistently show a negative calcium balance of approximately 100 mg per day. Very similar results have been shown more recently (20, 32) . In all of our patients, the negative calcium balance exceeded the value expected with the low-calcium intakes alone. These results are consistent with previously reported calcium-balance studies in myeloma patients on various calcium intakes (1, 2, 3, 5).
Calcium kinetics in various disorders have been studied with strontium and calcium isotopes. Assuming a single-compartment system, all but one (RF) of the values reported here for the miscible calcium pool were within normal limits (60 to 110 mg per kg). Normal miscible calcium-pool sizes have been reported by Heaney and Whedon (15) in subjects with a variety of disease processes including idiopathic osteoporosis and rheumatoid arthritis with osteoporosis, and by Bauer, Carlsson, and Lindquist (16) in subjects with leukemia and with nonpituitary brain tumors. The "bone-formation rates" in our patients varied from 5.7 to 11.8 mg per kg per day, with most values within the normal limits given by Heaney and Whedon (8 to 11 mg per kg per day). The calcium kinetics in our study are difficult to compare quantitatively with many other reported studies, since the experimental models and meth-ods of calculation vary. At present, there is no consensus among investigators in the field regarding a satisfactory mathematical model with which the rates of bone formation and destruction can be accurately measured.
SUMMARY
The present report describes the results of combined metabolic-balance and Ca47-tracer studies in six normocalcemic, ambulatory patients with multiple myeloma. All patients were found to be in significantly negative calcium balance, but no consistent deviations in phosphorus or nitrogen balance were observed. The isotopic studies indicated that endogenous fecal calcium was a very significant route of calcium loss in these patients, exceeding urinary calcium in five of six patients. The results with combined oral and intravenous Ca47-tracer studies strongly suggest that accurate estimates of calcium absorption and endogenous fecal calcium excretion can be obtained with these techniques. The importance of determining the total fecal calcium, as well as of distinguishing unabsorbed dietary calcium and endogenous fecal calcium, is illustrated by the results in one patient before and during 5-fluorouracil therapy.
